
Supplementary material 
This supplementary material contains additional information about the methods and instructions used 
for tomographic neurofeedback (tNF) training as well as for pre- and post-assessments in children 
with attention-deficit/hyperactivity disorder (ADHD). 

 

Neurofeedback procedures 

Initially, the children were told to find individual strategies to gain as many points as possible by 
controlling the different feedback parameters solely using their brain. By the fifth session, they were 
advised to try to activate their brain and to attain an activated, attentive state during so called 
“activation” trials, whereas they should deactivate and relax during “deactivation” trials. Children 
received correspondent transfer cards including characteristic keywords and were instructed to 
practice the learned strategies also at home and in school. To keep participants motivated throughout 
the training, a token system was consistently used, including pre- and post-assessments. Participants 
were rewarded separately for their effort/compliance and training success. The earned points could be 
exchanged against small presents. 

EEG recordings and preprocessing during training sessions. For each individual, the time of the 
day was roughly held constant for all training sessions and between pre- and post-assessments. 
Similarly, after initial adaptation, artefact thresholds were typically kept constant throughout the 
training course of a child. Ensuring good data quality, neurophysiological signals were continuously 
monitored on a separate monitor. 

Slow cortical potential training. In slow cortical potential (SCP) training, successful trials (trajectory 
most of the time above threshold) were rewarded by a “+” and a bonus point, whereas a “-” appeared 
on the screen at the end of unsuccessful trials (Fig. 2C). Within the same block, the display was 
identical for activation and deactivation trials, apart from the colours. After the first two SCP lessons, 
during which activation and deactivation were introduced in separate blocks, one block always 
consisted of 50% activation and 50% deactivation trials presented in a random order (Fig. 1). 

Theta-beta training. Corresponding to our individual EEG normalising hypothesis and the positive 
findings from other studies (Leins et al., 2007; Holtmann et al., 2009), we have chosen a bidirectional 
theta-beta frequency (FREQ) protocol (theta↓-beta↑: activation and theta↑-beta↓: deactivation) 
paralleling bidirectional SCP training. Instead of the short, SCP-like trials used in those studies, we 
stuck to durations within the minute range, typical of conventional theta-beta protocols. The 
proportion of activation and deactivation trial duration was set at 2:1, as activation is the more 
commonly trained direction according to the literature (Heinrich et al., 2007; Drechsler, 2011). 
Activation and deactivation trials were administered in separate blocks (Fig. 1). Over the lessons, trial 
duration was increased from initially 6min activation/3min deactivation to 8min/4min by the tenth 
lesson. By the twentieth lesson, the third block was split into one part with contingent feedback 
followed by transfer, during which children had to keep their mental state without feedback while 
doing schoolwork (activation) or just relaxing (deactivation). Whenever the logical theta-beta 
conjunction was given, the animation moved and points were gained. 

 

Data analysis 

Performance measures in the continuous performance test (CPT) included mean reaction times to 
targets (RT-mean), and within-subject-variability in reaction times (RT-SD, i.e., standard deviation of 
latencies) to correctly answered targets. In addition, number of commission (ERR-com, i.e., responses 
to any letter other than target “X”) and impulsivity errors (ERR-imp, i.e., responses to isolated “X” or 
O-not-X sequences), and number of hits (target Xs detected between 120 and 1620ms after target 
onset) were assessed. 
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Supplementary Tables and Figure 

 
Supplementary Table S1 
Group characteristics. Instruments to quantify ADHD symptoms: Conners’ Parent (CPRS) and Teacher (CTRS) Rating Scales with global index and 
DSM-IV items; parent rated Child Behavior Checklist (CBCL); estimated IQ based on four subscales of the German version of the Wechsler Intelligence 
Scale for Children IV: “Vocabulary”, “Block Design”, “Letter-Number Sequencing”, and “Symbol Search”. One child suffered from colour blindness. 

   N = 13  
 Boys/girls 11 / 2  
 Age [years]     
  Mean 10.6 ± 1.3  
  Range 8.9 - 12.9  
 Handadness (left/right) - / 13  
 Estimated IQ 111.1 ± 10.0  
 CPRS [t-scores]     
  Global index 69.8 ± 10.1  
  Inattention (DSM-IV) 73.5 ± 10.0  
  Hyperactivity/impulsivity (DSM-IV) 74.3 ± 10.1  
  Total score (DSM-IV) 75.3 ± 9.6  
 CTRS [t-scores]     
  Global index 63.2 ± 9.7  
  Inattention (DSM-IV) 61.2 ± 6.7  
  Hyperactivity/impulsivity (DSM-IV) 62.2 ± 12.6  
  Total score (DSM-IV) 62.7 ± 9.7  
 CBCL [t-scores]     
  Social withdrawal 54.0 ± 10.5  
  Somatic complaints 61.9 ± 12.1  
  Anxiety/Depression 52.9 ± 8.7  
  Social problems 59.3 ± 8.4  
  Thought problems 51.8 ± 7.7  
  Attention problems 64.5 ± 3.8  
  Delinquent behavior 60.1 ± 10.5  
  Aggressive behavior 62.1 ± 10.8  
  Internalising problems 56.4 ± 10.9  
  Externalising problems 62.0 ± 10.9  
  Total problem score 61.7 ± 9.2  
             

 



Supplementary Table S2 
Pearson’s correlations between neurophysiological changes and behavioural improvements. Pearson’s correlation coefficient, given in r, calculated for individual changes of training parameters over the lessons (slopes) and 
neurophysiological outcome (differences: post-pre) related to behavioural outcome (negative difference scores indicating clinical improvements); Training parameters for activation (act) and deactivation (deact) conditions based on 
activity in the ACC voxel (MNI coordinates (X, Y, Z) = (5, 10, 30); vector length: ACC-l, z-component: ACC-z). θ: theta (4–7.5 Hz), β: beta (14–20 Hz), Δ: displacement from daily baseline; FBB-HKS: parent rated DSM IV 
checklist (severity scores) with DSM-IV items: attention deficit (Inatt), hyperactivity/impulsivity (Hyp/imp); Conners’ Parent (CPRS) and Teacher (CTRS) Rating Scales with global index; Behaviour Rating Inventory of Executive 
Function (BRIEF) for parents (p) and teachers (t) with metacognition (Metac) and behavioural regulation (Bh reg); d2: selective attention task with concentration (Conc) index; 
Significance levels: ° p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001. 

      Rating scales (differences in raw scores: post-pre training)               d2   
   FBB-HKS     CPRS  BRIEFp   CTRS  BRIEFt      
 Changes in: Hyp/imp Inatt  Total  Global  Bh reg  Metac  Global  Bh reg  Metac  Conc  
 SCP training              
 Contingent feedback, all animations (L4-36) 
  ACC-z-MA (act) 0.500 ° 0.347  0.486 ° 0.123  0.313  0.301  -0.248  -0.442  0.365  -0.302  
  ACC-z-MA (deact) 0.299  0.374  0.382  0.298  0.553 ° 0.514 ° -0.009  -0.101  0.343  0.029  
  Relative score (act) 0.470  0.247  0.414  0.012  0.206  0.197  -0.216  -0.352  0.277  -0.364  
  Relative score (deact) -0.412  -0.329  -0.425  -0.268  -0.511 ° -0.452  -0.002  0.034  -0.362  -0.014  
  Artefacts (act) 0.179  0.466  0.361  0.289  0.305  0.203  -0.516 ° -0.173  0.087  -0.083  
  Artefacts (deact) 0.029  0.475  0.278  0.323  0.461  0.288  -0.564 * -0.186  0.047  0.013  
 FREQ training              
 Contingent feedback, all animations (L3-35) 
  ACC-l-θ/β (act) -0.605 * -0.152  -0.442  -0.213  0.066  -0.146  -0.293  -0.115  -0.474  0.120  
  ACC-l-θ/β (deact) -0.907 *** -0.309  -0.707 ** -0.097  -0.057  -0.159  -0.130  -0.042  -0.458  0.015  
  ACC-l-Δθ (act) -0.157  0.090  -0.044  0.406  0.452  0.326  0.265  0.134  0.004  -0.370  
  ACC-l-Δθ (deact) -0.252  -0.203  -0.261  0.151  0.219  -0.022  0.137  0.027  -0.295  -0.117  
  ACC-l-Δβ (act) -0.046  0.106  0.031  0.301  0.256  0.347  0.394  0.258  0.212  -0.467  
  ACC-l-Δβ (deact) 0.082  0.045  0.073  -0.024  0.266  0.094  0.040  0.123  -0.151  -0.129  
  Relative score (act) 0.375  0.451  0.470  0.277  0.267  0.232  0.138  0.377  0.191  0.420  
  Relative score (deact) 0.470  0.409  0.503 ° 0.097  0.384  0.180  -0.207  -0.070  0.088  0.039  
  Artefacts (act) 0.080  0.018  0.057  0.188  0.183  0.290  0.413  0.278  0.188  -0.240  
  Artefacts (deact) -0.310  -0.336  -0.368  -0.056  -0.263  -0.268  0.160  0.006  -0.154  -0.041  
 ERPs (CPT)              
 CNV amplitude              
  Frontal 0.012  -0.219  -0.113  -0.326  -0.225  -0.315  -0.408  -0.273  -0.313  0.175  
  Central -0.647 * -0.510 ° -0.664 * -0.067  -0.082  -0.165  0.168  0.417  -0.193  -0.266  
  Posterior -0.098  0.094  -0.007  0.201  0.046  0.201  0.311  0.238  0.274  -0.305  
  ACC-z 0.217  0.365  0.329  0.372  0.351  0.273  0.006  0.138  0.178  0.224  
 Resting EEG (eo-ICA)              
 Theta/beta ratio     
  Frontal -0.782 ** -0.253  -0.602 * -0.038  -0.166  -0.064  0.047  0.154  -0.218  0.060  
  Central -0.576 * 0.015  -0.333  0.179  0.106  0.161  0.346  0.301  -0.010  0.042  
  Posterior -0.286  0.103  -0.113  0.510 ° 0.259  0.407  0.393  0.477 ° 0.326  -0.247  
  ACC-l -0.750 ** -0.381  -0.653 * -0.106  -0.206  -0.135  0.130  0.322  -0.248  0.202  
 Theta              
  Frontal 0.102  0.652 * 0.417  0.644 * 0.421  0.613 * -0.039  -0.160  0.434  -0.127  
  Central 0.207  0.717 ** 0.516 ° 0.638 * 0.549 ° 0.615 * -0.034  -0.147  0.389  -0.002  
  Posterior 0.246  0.713 ** 0.536 ° 0.625 * 0.570 * 0.618 * -0.186  -0.160  0.424  0.001  
  ACC-l -0.264  0.293  0.004  0.567 * 0.320  0.489 ° 0.115  0.075  0.223  -0.043  
 Beta              
  Frontal 0.624 * 0.426  0.603 * 0.403  0.424  0.422  -0.089  -0.164  0.503 ° -0.058  
  Central 0.436  0.404  0.480 ° 0.329  0.178  0.246  -0.109  0.027  0.485 ° -0.121  
  Posterior 0.407  0.641 * 0.593 * 0.492 ° 0.413  0.503 ° -0.265  -0.184  0.526 ° 0.005  
  ACC-l 0.376  0.580 * 0.541 ° 0.592 * 0.479 ° 0.602 * 0.029  -0.256  0.456  -0.070  
                                              



 

Supplementary Table S3 
Pearson’s correlations for FREQ-specific outcome. Pearson’s correlation coefficient, given in r, calculated for individual changes of theta-beta training parameters related to changes in resting EEG over the lessons (slopes); 
Training parameters based on activity in the ACC voxel (MNI coordinates (X, Y, Z) = (5, 10, 30); vector length: ACC-l). θ: theta (4–7.5 Hz), β: beta (14–20 Hz), Δ: displacement from daily baseline; 
Significance levels: ° p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001. 

  Resting EEG changes (eo-ICA: individual slopes over training sessions)                
  Theta/beta ratio      Theta        Beta         
 Changes in: Frontal  Central  Posterior ACC-l  Frontal  Central  Posterior ACC-l  Frontal  Central  Posterior ACC-l   

 FREQ training                 

 Contingent feedback, all animations (L3-35)  

  ACC-l-θ/β (act) 0.638 * 0.527 ° 0.092  0.591 * -0.014  -0.112  -0.100  0.059  -0.548 ° -0.608 * -0.290  -0.347   

  ACC-l-θ/β (deact) 0.795 ** 0.652 * 0.243  0.694 ** 0.003  -0.106  -0.126  0.202  -0.597 * -0.457  -0.304  -0.348   

  ACC-l-Δθ (act) -0.094  -0.131  0.304  -0.094  -0.124  -0.155  -0.136  0.093  -0.052  -0.359  -0.386  -0.067   

  ACC-l-Δθ (deact) -0.252  -0.230  0.041  -0.265  -0.236  -0.118  -0.148  -0.039  0.063  -0.089  -0.313  -0.035   

  ACC-l-Δβ (act) 0.024  -0.083  0.377  0.050  -0.226  -0.351  -0.297  0.026  -0.211  -0.429  -0.458  -0.211   

  ACC-l-Δβ (deact) -0.116  -0.200  0.166  -0.044  -0.277  -0.316  -0.228  -0.138  -0.231  -0.551 ° -0.444  -0.254   

  Artefacts (act) -0.316  -0.145  -0.089  -0.249  0.427  0.572 * 0.504 ° 0.301  0.370  0.496 ° 0.517 ° 0.465   

  Artefacts (deact) -0.752 ** -0.653 * -0.596 * -0.765 ** 0.038  0.291  0.261  -0.108  0.668 * 0.517 ° 0.383  0.417   

  Relative score (act) -0.010  -0.118  0.391  0.081  -0.224  -0.348  -0.282  0.040  -0.188  -0.453  -0.425  -0.156   

  Relative score (deact) -0.060  0.031  -0.182  -0.115  -0.166  -0.046  -0.171  -0.092  0.092  0.341  -0.053  -0.017   

 Contingent feedback, action film (L3-35)  

  ACC-l-θ/β (act) 0.477 ° 0.397  -0.029  0.365  0.451  0.391  0.341  0.378  -0.229  -0.264  0.156  0.178   

  ACC-l-θ/β (deact) 0.355  0.144  0.104  0.193  0.565 * 0.429  0.326  0.656 * -0.127  -0.162  0.087  0.377   

  ACC-l-Δθ (act) -0.029  -0.291  0.243  -0.008  -0.090  -0.247  -0.231  0.192  -0.168  -0.378  -0.433  -0.118   

  ACC-l-Δθ (deact) -0.264  -0.078  0.085  -0.298  0.304  0.425  0.408  0.187  0.397  0.165  0.278  0.457   

  ACC-l-Δβ (act) 0.018  -0.116  0.210  0.109  -0.496 ° -0.606 * -0.571 * -0.173  -0.265  -0.486 ° -0.641 * -0.427   

  ACC-l-Δβ (deact) -0.223  -0.086  -0.119  -0.130  -0.719 ** -0.627 * -0.468  -0.887 *** -0.172  -0.035  -0.277  -0.695 **  

  Artefacts (act) -0.515 ° -0.378  -0.404  -0.450  0.195  0.341  0.269  -0.001  0.473  0.570 * 0.453  0.367   

  Artefacts (deact) -0.297  -0.227  -0.499 ° -0.369  0.052  0.216  0.255  -0.272  0.240  0.587 * 0.491 ° 0.065   

  Relative score (act) 0.037  -0.017  0.313  0.114  -0.380  -0.454  -0.410  -0.085  -0.232  -0.498 ° -0.541 ° -0.294   

  Relative score (deact) 0.172  0.154  0.233  0.079  0.505 ° 0.505 ° 0.437  0.644 * 0.249  0.030  0.244  0.567 *  
                                                        

 



 
 
 
 
 
 

 
 
Supplementary Fig. S1. Brain activity over the time course of typical SCP trials with contingent feedback across all animations (for the basic animation, 
see Fig. 1). Group mean trajectories of mean standardised current density (CD, sLORETA) in the ACC voxel (MNI coordinates (X, Y, Z) = (5, 10, 30); z-
component of vector: ACC-z) averaged across all (correct and incorrect) trials with contingent feedback for activation (black solid line) and deactivation 
(grey dotted line). Corresponding topographic maps are depicted for averaged mean potentials of four consecutive 1-second-intervals of the feedback phase 
per condition. The difference between activation and deactivation condition are depicted by t-lines (grey solid) and t-maps, given in t-values with red/blue 
colours indicating positive/negative values, respectively. 

 



 
 
 
 
 

 
 
Supplementary Fig. S2. Spectral analysis of theta (4–7.5 Hz) and beta (14–20 Hz) activity, and theta/beta ratio during eyes-open resting condition in the 
course of the training for the z-dimension of the ACC voxel (MNI coordinates (X, Y, Z) = (5, 10, 30); z-component: ACC-z). The time course over training 
sessions is illustrated with corresponding linear regression lines for individual subjects (coloured dashed lines) and group means (black solid lines) (A). 
The regression statistics for mean slopes across all subjects revealed no significant changes for ACC-z. The relation between individual slopes and 
intercepts is plotted (B) with the corresponding statistics for Pearson’s correlations. Negative values indicate normalisation in the course of the training 
across subjects towards the mean value. For scalp topographies and ACC-l, see Fig. 5. 



 

 

 

 

 
 
 
Supplementary Fig. S3. Spectral analysis of resting EEG in pre- and post-assessments. Topographic maps show group means for absolute power [μV2] 
and ratio of theta (4–7.5 Hz) and beta (14–20 Hz) frequency bands for eyes-open and eyes-closed conditions at the beginning (1) and at the end (2) of pre 
and post assessments. The p-maps [p-values] illustrate changes post compared to pre training. Statistical p-maps (columns 3 and 6) are scaled (t[12]: ±1.782, 
±2.179, ±3.055, ±4.318) to the 4 corresponding significance levels (p < 0.1, p < 0.05, p < 0.01,  p < 0.001). 

 


